INTRODUCTION {#s1}
============

Peripheral artery disease is a chronic arterial occlusive disorder of the extremities. It is caused by atherosclerosis, and the rates of morbidity and mortality are extremely high.^[@R1]^ The progression of atherosclerosis is exacerbated in diabetes mellitus, with accompanying endothelial damage, extracellular matrix protein glycosylation, and vascular denervation.^[@R2]^ Diabetic complications include impaired vascular remodeling and collateral formation after ischemic attack.^[@R3],[@R4]^ Diabetes mellitus has also been shown to suppress endothelial nitric oxide synthase (eNOS) levels and nitric oxide (NO) bioactivity, resulting in impaired vascular function with concomitant elevated oxidative stress levels.^[@R5],[@R6]^ The needed therapeutic modality for peripheral artery disease would promote angiogenesis with collateral vessel formation and revascularization. However, after much investigation in diabetic humans with peripheral artery disease, or animal models, such agents remain lacking.^[@R7]^

Allitridin \[diallyl trisulfide (DATS)\] is an organosulfur extract from garlic (*Allium sativum*).^[@R8]^ DATS has been demonstrated to have beneficial effects in cardiovascular diseases, including atherosclerosis^[@R9],[@R10]^ and ischemia-reperfusion injury.^[@R11],[@R12]^ These beneficial effects may be due to multitudinous biological activities, including antiplatelet aggregation and antioxidative stress.^[@R13],[@R14]^ A recent study revealed that the antioxidative stress activity of DATS could attenuate diabetes and endothelial cell injury associated with high glucose levels.^[@R15]^ In addition, DATS was associated with higher eNOS levels that thereby upregulated NO activity to improve endothelial function.^[@R16]^ However, it remains unknown whether DATS may improve vascular disease or augment angiogenesis after ischemia complicated by diabetes.

This study investigated DATS for potential protective or angiogenic effects after ischemia in a mouse model of diabetes and the underlying mechanism(s).

METHODS {#s2}
=======

This study conformed to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (NIH Publication No. 85-23). The Animal Care Committee at Jiangsu University approved all the surgical protocols.

Animals and Diet {#s2-1}
----------------

C57BL/6 mice (male, 8 week old) were purchased from SLAC Animal Co. (Shanghai, China) and housed in an environmentally controlled room (temperature at 22 ± 2°C with a 12-hour light--dark cycles). All mice had free access to water and food.

Establishment of Diabetic Mouse Model {#s2-2}
-------------------------------------

The diabetic mouse model was established as previously described.^[@R17],[@R18]^ Briefly, the mice were intraperitoneally (IP) injected with streptozotocin (STZ; 200 mg/kg) in a vehicle (0.1 mol/L sodium citrate buffer, pH 4.5) or citrate buffer (control). Blood glucose was measured 72 hours after the injection. A second injection of STZ (100 mg/kg) was given to mice with a blood glucose level \<300 mg/dL. Four days after the second STZ injection, the blood glucose was again measured. Mice with blood glucose levels \>300 mg/dL were accepted as diabetic mice.

Mouse Model of Hind Limb Ischemia {#s2-3}
---------------------------------

The mouse model of unilateral hind limb ischemia was created as previously described.^[@R19],[@R20]^ Briefly, 2 weeks after, diabetes was successfully induced, with the mouse under anesthesia (chloral hydrate, 400 mg/kg, IP), the left femoral artery was ligated and cut (between the inguinal ligament proximally and popliteal fossa distally) to generate a model of severe ischemia.

DATS Treatments {#s2-4}
---------------

After induction of ischemia, all animals were randomly allocated to 4 groups of 12 each: nondiabetic treated (or not) with DATS and diabetic treated (or not) with DATS. DATS treatment consisted of a single daily IP injection of 500 μg·kg^−1^·d^−1^ (based on previous literature^[@R21]^) for 14 days, beginning on the day of induced ischemia.

Necrosis Assay {#s2-5}
--------------

The hind limb ischemia was scored as previously described.^[@R7]^ Briefly, on day 14 postligation, all mice were anesthetized (chloral hydrate, 400 mg/kg, IP), and ischemia of the foot was scored by gross examination as follows: (1) no necrosis; (2) slight necrosis, only in the nail bed; (3) necrosis in almost all digits; (4) ≥1 digit lost; and (5) severe ankle amputation.

Thermal Infrared Imaging Analysis {#s2-6}
---------------------------------

The blood perfusion of the ischemic/nonischemic hind limbs was determined by a thermal infrared imaging analyzer (Prism-DS 50137, FLIR Systems). In this method, blood perfusion in the ischemic hind limbs is indirectly represented as changes in color-coded images, in which dark-to-violet denotes low perfusion, and red-to-white indicates greater perfusion. The blood flow perfusion image was spotted and analyzed by computer-assisted analyses. Blood perfusion was calculated as a ratio of ischemic-to-nonischemic limb perfusion to minimize interference from surrounding light.^[@R20],[@R22]^

Immunohistochemistry and Immunofluorescence Analysis {#s2-7}
----------------------------------------------------

Twenty-four hours after the last IP injection of DATS, all mice were euthanized and the ischemic gastrocnemius muscles were fixed with 4% paraformaldehyde. For the immunohistochemistry assay, 3-μm thick muscle sections were stained with anti-CD31 antibody (Abcam, Cambridge, United Kingdom). For each animal, 8 fields chosen at random were counted, and the microvessel density was represented as the number of capillaries in each high field.^[@R23]^ To estimate the oxidative stress levels in ischemic tissues, antinitrotyrosine antibody (Upstate, Lake Placid, NY) was used for immunofluorescent staining, and the fluorescence intensity was quantified using Image Pro Plus software.^[@R20]^

Biochemical Analysis {#s2-8}
--------------------

Fasting blood glucose levels of the mice were obtained through tail vein measurement with a One Touch Glucometer (Johnson, NJ). Blood specimens for triglyceride and high-density lipoprotein analyses were obtained from the retro-orbital plexus and measured using an automatic biochemical analyzer and enzymatic colorimetric assay. The levels of fasting serum insulin were obtained with a mouse insulin enzyme-linked immunosorbent assay kit (ALPCO Diagnostics, Windham, NH), and the homeostasis model assessment of insulin resistance (HOMA-IR) was calculated and expressed by the formula, FINS × FBG/22.5.^[@R24],[@R25]^

Measurement of Tissue Contents of Nitric Oxide Metabolite (NOx) {#s2-9}
---------------------------------------------------------------

Two weeks after ligation of the left femoral artery, gastrocnemius ischemic skeletal muscles were collected. Equal amounts of muscle tissue were, respectively, homogenized and centrifuged to obtain protein supernatants. The total tissue NO (NOx) bioactivity was tested in accordance with the manufacturer\'s instructions (Beyotime, Haimen, China).

Measurement of Tissue Protein Carbonyl {#s2-10}
--------------------------------------

Equal amounts of gastrocnemius ischemic skeletal muscle specimens were, respectively, homogenized and centrifuged to collect protein supernatants. Tissue protein carbonyls were detected by protein carbonyl enzyme-linked immunosorbent assay kit (Cell Biolabs, San Diego, CA) in accordance with the manufacturer\'s instructions. The tissue protein carbonyl concentration was normalized to the total protein contents and expressed as nmol/mg of protein.

Western Blotting {#s2-11}
----------------

The concentration of total protein was measured by protein bicinchoninic acid assay kit (Beyotime). Equal amounts of protein specimens were resolved through sodium dodecyl sulfate polyacrylamide gel electrophoresis, then electrotransferred and immunoblotted with anti-eNOS, antiphosphorylated eNOS (anti-p-eNOS; Cell Signaling Technology, Danvers, MA), anti--vascular endothelial growth factor (anti-VEGF; Beyotime), and anti-β-actin (Proteintech Group, Chicago, IL). The membranes were incubated with IRDye 800CW conjugated secondary antibody. The bands of interest were captured with an Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE). In our study, β-actin was used as an internal control to standardize the values.

Statistical Analysis {#s2-12}
--------------------

Results are shown as mean ± SE of the mean. Statistical analyses were conducted using 1-way analysis of variance and then Tukey\'s post hoc test. Differences were considered significant at *P* \< 0.05.

RESULTS {#s3}
=======

Biochemical Parameters of the Treatment Groups {#s3-1}
----------------------------------------------

In the mouse groups not treated with DATS, the triglyceride, fasting blood glucose, fasting serum insulin, and HOMA-IR of the diabetic mice were significantly higher than those of the nondiabetic mice, whereas the high-density lipoprotein levels were significantly lower (Table [1](#T1){ref-type="table"}). In the mouse groups treated with DATS, the diabetic and nondiabetic groups were statistically similar regarding triglyceride, high-density lipoprotein, and fasting blood glucose levels.
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Ischemic Damage and Blood Perfusion in Ischemic Limbs of the Treatment Groups {#s3-2}
-----------------------------------------------------------------------------

In the untreated mice, gross examination showed that the damage due to ischemia was significantly greater in the diabetic mice compared with the nondiabetic mice (Fig. [1](#F1){ref-type="fig"}A). Similarly, in the groups treated with DATS, ischemia damage was greater in the diabetic mice compared with the nondiabetic. In the respective diabetic and nondiabetic groups, by gross examination, mice treated with DATS showed significantly less ischemic damage compared with their nontreated counterparts.

![Ischemic damage and blood perfusion in treated and nontreated diabetic and control mice 14 days after ligation. Ischemic damage is greater (and blood perfusion is less) in diabetic mice than in nondiabetic mice. However, in the diabetic and nondiabetic groups, ischemic damage is less (and blood perfusion is higher) in mice treated with DATS. A, Representative photographs of hind limbs. B, Ischemic scores. C, Blood perfusion. \**P* \< 0.05 cf. nondiabetic; \*\**P* \< 0.01 cf. nondiabetic; \#*P* \< 0.05 cf. diabetic; \#\#*P* \< 0.01 cf. diabetic.](jcvp-71-367-g002){#F1}

In the untreated mice, the scores for ischemia of the diabetic mice were significantly higher than those of the nondiabetic mice (Fig. [1](#F1){ref-type="fig"}B). In the groups treated with DATS, ischemia scores of the diabetic mice were significantly higher than those of the nondiabetic mice. In the respective diabetic and nondiabetic groups, the ischemia scores of mice treated with DATS were significantly lower than those of their nontreated counterparts.

In the untreated mice, the blood perfusion ratio of the diabetic mice was significantly lower than those of the nondiabetic mice (Fig. [1](#F1){ref-type="fig"}C). In the groups treated with DATS, the blood perfusion ratio of the diabetic mice was significantly lower than those of the nondiabetic. However, in the respective diabetic and nondiabetic groups, the mean blood perfusion ratios of mice treated with DATS were significantly higher than those of their nontreated counterparts.

Angiogenesis in Ischemic Limbs of the Treatment Groups {#s3-3}
------------------------------------------------------

To determine the relative regeneration of capillaries among the treatment groups, CD31 immunohistochemistry staining of muscle sections was performed 14 days after ligation (Fig. [2](#F2){ref-type="fig"}A). In both the untreated and treated mice, the capillary density of the diabetic mice and presence of CD31 were obviously less than those of the nondiabetic mice (Figs. [2](#F2){ref-type="fig"}A, B) in the corresponding groups. However, the capillary density and CD31 levels of mice treated with DATS were greater than those of their nontreated counterparts.

![Capillary density and VEGF levels in ischemic hind limbs of treated and nontreated diabetic and control mice 14 days after ligation. Capillary density and VEGF levels are lower in diabetic mice than in nondiabetic mice. However, in the diabetic and nondiabetic groups, capillary density and VEGF levels are higher in mice treated with DATS. A and B, Anti-CD31 immunohistochemistry staining. C, Western blot of normalized VEGF. Scale bar = 50 μm. \*\**P* \< 0.01 cf. nondiabetic. \#\#*P* \< 0.01 cf. diabetic.](jcvp-71-367-g003){#F2}

Several studies have reported that VEGF is a potent angiogenic molecule.^[@R26],[@R27]^ Thus, in this study, the VEGF levels in the ischemic limbs were determined at day 14 postligation (Fig. [2](#F2){ref-type="fig"}C). The normalized VEGF levels of the diabetic rats were significantly lower than those of the nondiabetic mice in both treated and nontreated groups. However, mice treated with DATS showed significantly higher levels of VEGF in both the diabetic and nondiabetic mice compared with their nontreated counterparts.

NO Bioavailability in Ischemic Limbs of the Treatment Groups {#s3-4}
------------------------------------------------------------

The NOx, eNOS, and p-eNOS levels of the diabetic mice were significantly lower than those of the nondiabetic mice, in both the treated and nontreated groups (Fig. [3](#F3){ref-type="fig"}). However, these levels in the treated mice were significantly higher than those of the nontreated in both the diabetic and nondiabetic groups.

![Tissue NOx levels and eNOS, p-eNOS protein levels in ischemic hind limbs of treated and nontreated diabetic and control mice 14 days after ligation. NOx, eNOS, and p-eNOS levels are lower in diabetic mice than in nondiabetic mice. However, in the diabetic and nondiabetic groups, NOx, eNOS, and p-eNOS levels are higher in mice treated with DATS. A, NOx (B), eNOS, and (C) p-eNOS levels. \*\**P* \< 0.01 cf. nondiabetic. \#\#*P* \< 0.01 cf. diabetic.](jcvp-71-367-g004){#F3}

Indicators of Oxidative Stress in Ischemic Limbs of the Treatment Groups {#s3-5}
------------------------------------------------------------------------

In this study, ischemic tissues were stained with antinitrotyrosine antibody for an immunofluorescence analysis of oxidative stress (Fig. [4](#F4){ref-type="fig"}A, B). The fluorescence and nitrotyrosine levels of the ischemic tissues of the diabetic mice were significantly greater than those of the nondiabetic mice in both the treated and nontreated groups. However, the fluorescence and nitrotyrosine levels of the mice treated with DATS were significantly less than those of the nontreated mice, in both the diabetic and nondiabetic groups.

![Analyses indicating oxidative stress in ischemic limbs of treated and nontreated diabetic and control mice 14 days after ligation. Oxidative stress levels are higher in diabetic mice than in nondiabetic mice. However, in the diabetic and nondiabetic groups, oxidative stress levels are lower in mice treated with DATS. A, Representative photographs of nitrotyrosine immunostaining; scale bar = 50 μm. B, Quantitative analysis of nitrotyrosine immunostaining. C, Protein carbonyl levels. \*\**P* \< 0.01 cf. nondiabetic. \#\#*P* \< 0.01 cf. diabetic.](jcvp-71-367-g005){#F4}

The protein carbonyl levels of the ischemic tissues of the diabetic mice were significantly greater than those of the nondiabetic mice in both the treated and nontreated groups (Fig. [4](#F4){ref-type="fig"}C). However, the protein carbonyl levels of the mice treated with DATS were significantly less than those of the nontreated mice, in both the diabetic and nondiabetic groups.

DISCUSSION {#s4}
==========

This study investigated the potential angiogenic benefits of DATS treatment after ischemia in a mouse model of diabetes and underlying mechanisms. Diabetes was established in 24 mice by IP injection of STZ, whereas an equal number of mice remained nondiabetic. The establishment of the diabetic model was verified by biochemical parameters. All mice were subjected to hind limb ischemia through ligation of the left femoral artery. In both the diabetic and nondiabetic groups, 12 mice were administered DATS through IP injection. After treatment, the biochemical parameters of the diabetic and nondiabetic groups were similar. Between the untreated groups, relative to the nondiabetic mice, the diabetic mice showed greater ischemic damage; lower blood perfusion ratio, capillary density, and VEGF levels in ischemic tissues; and lower NOx, eNOS, and p-eNOS levels. However, in both the diabetic and nondiabetic groups, these effects in mice given DATS were significantly ameliorated.

Impairment of angiogenesis in response to tissue ischemia may account for the poor prognosis of patients with cardiovascular diseases in diabetes mellitus.^[@R28]^ Previous literature reported that, compared with nondiabetic mice, diabetic mice with hind limb ischemia showed impaired recovery of perfusion and limited microvasculature density.^[@R29]^ Our current data are consistent with previous results that ameliorating diabetes-related damage may contribute to collateral vessel formation and recovery of perfusion in response to hind limb ischemia. Indeed, as illustrated here, DATS was associated with greater capillary density and blood perfusion in response to hind limb ischemia in the diabetic mice, compared with the nondiabetic. This may be attributed to the stimulating effect of DATS on angiogenesis after ischemia.

Angiogenesis is a complicated process, involving the participation of many cytokines. VEGF is a robust angiogenic factor, with a vital role in angiogenesis. Previous literature reported that diabetes is associated with lower VEGF levels.^[@R30],[@R31]^ Recently, it was demonstrated that DATS can increase VEGF expression in mice in chronic heart failure.^[@R32]^ Our current study results are consistent with previous investigations and revealed for the first time that DATS was associated with higher VEGF levels in diabetic hind limb ischemic tissue. It seems that the improvement of diabetes-related impairment may stimulate the expression of VEGF in the setting of tissue ischemia.

A fully functioning endothelium is a crucial precondition to the process of angiogenesis,^[@R33]^ and endothelial cell dysfunction is a hallmark of vascular damage in diabetes.^[@R34]^ A typical feature of endothelial dysfunction is impairment of NO activity in diabetes.^[@R35]^ A recent study revealed that diabetic mice had lower NO levels than did nondiabetic mice.^[@R2]^ A previous investigation showed that depletion of NO, through eNOS gene knockout, can suppress angiogenesis in a hind limb ischemic mouse model,^[@R36]^ whereas repletion of NO bioavailability through eNOS overexpression improved blood perfusion.^[@R37]^ Another investigation showed that DATS could activate eNOS and increase NO bioavailability, exerting a cardioprotective effect in a myocardial ischemia-reperfusion injury mouse model.^[@R38]^ Our preset results are consistent with previous investigations that diabetic mice have depressed NO bioavailability, whereas DATS treatment seemed to enhance eNOS expression and NO bioavailability in diabetic mice.

Reactive oxygen species (ROS) can impair eNOS function and suppress NO bioactivity, ultimately leading to tissue damage. Moreover, surplus oxidative stress may retard angiogenesis and revascularization of ischemic tissues in diabetes.^[@R39]^ In type 2 diabetic animals, ROS are significantly higher, and eNOS and NO bioactivity are lower in vascular tissue, relative to the controls.^[@R40]^ It has also been demonstrated that DATS can attenuate doxorubicin-induced cardiomyocyte apoptosis by inhibiting the generation of ROS.^[@R41]^ Our current results are in agreement with these observations and suggest, for the first time, that DATS can attenuate oxidative stress levels in diabetic hind limb ischemic tissues. In addition, DATS may attenuate oxidative stress levels in diabetic mice through a number of possible mechanisms, including antioxidant effects, and inhibition of intracellular ROS. Further investigations are required to confirm the role of DATS in mitigating oxidative stress.

Studies have reported that DATS possesses antidiabetic effects.^[@R42],[@R43]^ Our current research indicates that DATS ameliorates diabetes-mediated impairment of hind limb ischemia and angiogenesis. The findings are supported by previous reports showing that DATS augmented ischemia-induced angiogenesis and rescued cardiac dysfunction after heart failure by improving angiogenesis.^[@R21],[@R32]^ However, these investigations were not performed in the clinically relevant context of hyperglycemia, as high blood glucose is a pivotal contributor to diabetes-impaired vascular complications. Our current investigation showed that the effects of DATS were independent of changes in blood glucose, serum insulin, and blood lipids. This indicates that the mode of action of DATS on diabetes-impaired angiogenesis is not related to glucose stress but to mechanisms that are conducive to diabetes-impaired angiogenesis, including VEGF production and signaling, eNOS activation, and the reduction of oxidative stress.

Overall, our current data indicate that DATS treatment can improve angiogenic potential, tissue viability, and ischemic tissue blood perfusion and mitigate oxidative stress, in a diabetic mouse model with peripheral artery disease. These findings warrant clinical confirmation that DATS treatment may promote angiogenesis and tissue reperfusion in diabetic patients with peripheral artery disease and ischemia.
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